We hypothesized that microbial effi ciency and output from fermentation in the rumen would be optimized when peptide supply was balanced with peptide requirement of ruminal microfl ora. This study was conducted to measure response of varying rumen degradable peptide (RDPep) supply on ruminal fermentation characteristics and steer growth. A continuous culture experiment was conducted with diets formulated to achieve a predicted RDPep balance (RDPep supplied above RDPep required) of -0.30 to 1.45% CP with rumen degradable N (RDN) balance (RDN supplied above RDN required) above dietary ammonia-N requirement of microbes. Two additional treatments had RDPep balances of -0.30 and 0.78% CP with insuffi cient ammonia-N supply to meet microbial requirements. Single-fl ow fermenters (N = 24; n = 6) were inoculated with rumen fl uid and maintained anaerobically at 39°C with a 0.06 h -1 dilution rate. Inadequate RDN decreased OM digestion and microbial N fl ow, and increased rumen undegradable N (P < 0.01). Microbial effi ciency decreased in RDNdefi cient diets and was greatest when RDPep balance did not excessively exceed microbial requirement of RDPep predicted (P < 0.01). A growth study was conducted with 49 yearling, crossbred, Angus steers (initial BW 370 ± 34 kg). Animals were assigned to 1 of 4 treatment groups by BW and further divided into 3 pens with 4 steers per pen to achieve similar initial pen weights. Treatments consisted of 4 isonitrogenous diets balanced for RDN but varying in predicted RDPep balance (0.55%, -0.02%, -0.25%, and -0.65% CP). Animals were maintained on treatment for 70 d with individual BW taken on d 0, 1, 21, 42, 70, and 71. Final BW decreased linearly with decreasing RDPep (P = 0.05). Average daily gain and G:F displayed a quadratic effect with greater ADG and G:F at greater and lesser RDPep levels (P = 0.02). We concluded that balancing RDPep supply to predicted requirement improved fermentation effi ciency and microbial output, which in turn improved animal performance.
INTRODUCTION
Accurate prediction of N supply to and requirement by rumen microfl ora is important to minimizing feed cost and N waste. Inadequate supply of RDP relative to fermentable carbohydrate supply results in negative associative effects on fi ber digestion that results in "energy spilling" (Van Kessel and Russell, 1996; Klevesahl et al., 2003) and decreased microbial effi ciency (MOEFF; Hoover and Stokes, 1991) . Microbes compensate for excess degradable carbohydrate supply by increasing VFA and lactic acid production, which leads to a decrease in ruminal pH and can lead to subacute to acute ruminal acidosis, depending on the severity of the condition (Owens et al., 1998; Nagaraja and Titgemeyer, 2007) . The term is called "spilling" because these carbon chains, if not absorbed at a fast enough rate, will continue to be degraded to methane and energy will be lost as heat. However, when RDP was increased beyond required levels for fermentation of readily digestible carbohydrate, ammonia production increased, which could be detrimental to the animal (Klevesahl et al., 2003) . Proper balance of the 2 fractions is needed to maximize microbial growth and yield, and minimize N waste.
The Beef NRC (2000) recommends 60 to 65% of dietary CP requirement be RDP; of that, ~50% needs to be soluble protein. Russell et al. (1992) reported that ruminal microfl ora required ~67% of N supply as peptides and AA, and 33% as ammonia for nonstructural carbohydrate (NSC) fermenting bacteria, whereas struc-tural carbohydrate (SC) fermenting microfl ora require only ammonia. Our laboratory has previously shown that RDP levels recommended for ruminants were greater than required to achieve maximal microbial yield (Fu et al., 2001) .
We hypothesized that MOEFF, output from fermentation in the rumen, and, subsequently, calf growth would be optimized when rumen degradable peptide (RDPep) supply was balanced with RDPep requirement of NSC fermenting ruminal microfl ora. This research was conducted to measure the impact on fermentation characteristics and growth variables when levels of RDPep relative to calculated requirement were greater than and less than dietary requirements, and dietary RDN was adequate and similar across all diets.
MATERIALS AND METHODS
The use of animals in this experiment was approved by the University of Missouri Animal Care and Use Committee.
Continuous Culture Experiment
Rumen degradable protein, peptide, and N requirements were determined by balancing available rumen degradable carbohydrate to available rumen degradable protein and nonprotein N. Rumen degradable carbohydrate and protein mass was calculated hourly, using the partial degradation rate (h -1 ; k d ) of each nutrient (CP, NDF, NSC), along with an estimated solids passage rate (k p ) of 0.04 h -1 . Nutrient mass degraded at each hour was calculated as:
grams of nutrient available * k d = g degraded
Nutrient mass available at each hour was calculated as:
grams of nutrient remaining at h x-1 -g degraded -(g nutrient available * k p ) = g available at h x .
Degradation rate of each rumen available nutrient was determined in vitro. Briefl y, all feedstuffs used in formulating the current diets were digested in vitro in ruminal fl uid (Galyean, 2010) to extent over a 48-to 72-h period and the amount of potentially degradable nutrient fraction for protein, NDF, and NSC was calculated to determine percent disappearance at various time points. Slopes of the resulting degradation curves were calculated for feedstuffs used in diets (2.92% and 4.79% h -1 for NDF and NSC, respectively, and 2.2% h -1 for corn and bloodmeal protein, 2.8% h -1 for SoyPlus (West Central, Ralston, IA) protein, and 3.8% h -1 for soybean meal protein) and used as k d in calculating protein and carbohydrate degraded.
Requirements for RDPep and RDN were calculated as outlined by Russell et al. (1992) , using MOEFF values estimated from dilution rate-based calculations for each nutritional substrate (CP, NDF, and NSC; Meng et al., 1999) . Dietary treatments (Table 1) (McDougall, 1948) in a 1:4 dilution of rumen fl uid to buffer. Twenty-four single-fl ow continuous culture fermenter polycarbonate vessels (Nalgene, Rochester, NY) were inoculated and maintained as described by Meng et al. (1999) . Inoculum was added to each fermenter up to the effl uent overfl ow port (~1,460 mL). Fermenters were continuously fl ushed with CO 2 gas, stirred with magnetic stir plates, and immersed in a water bath maintained at 39°C, using thermostatically controlled heaters (model 730, Fisher Scientifi c, Pittsburgh, PA). High buffer capacity solution modifi ed by Slyter (1990) from McDougall's artifi cial saliva (McDougall, 1948) , containing 107.5 mg urea-N/L and 250 mg cysteine-HCl/L, was continuously infused into fermenters using peristaltic pumps (Masterfl ex model 7520-10, Cole Parmer Instrument Co., Chicago, IL). Fermenter dilution rates (D) were held constant at 6% ± 0.2%•h -1 for all treatments. Effl uent fl owed into collection vessels immersed in ice-cooled water. Fermenters were randomly assigned to 1 of the 6 treatments (n = 4) and fed half the daily ration of 50 g/d at 12-h intervals. The experiment was conducted over a 7-d period, with 4 d of adaptation and 3 d of total collection.
Sampling
One-liter subsamples were taken from effl uent collected over the previous 24 h and stored at 4°C. Subsamples were composited for each fermenter over the 3-d period for later analysis. On the last day of sampling, fermenter contents were collected and stored at 4°C until analyzed. Furthermore, between 1 h before feeding until 5 h after feeding, a 2-mL sample was taken directly from each fermenter and immediately frozen at -20°C. These samples were later composited by hour for each fermenter over the 3-d period and analyzed for ammonia. Volatile fatty acids were also analyzed from samples taken at -1 and 4 h. Fermenter pH was measured 1 h before feeding and 4 h after feeding.
Laboratory Analyses
Fermenter samples were blended for 30 s to detach microbes from feed particles and then centrifuged at 1,000 × g for 5 min at 4°C to remove feed particles. Feed particles were air dried in a 55°C drying oven for 3 d to determine dry weight, which was used with overall intake to determine solids D (SDR, % h -1 ). Supernatant was recentrifuged at 27,000 × g for 30 min. The resultant pellet was washed once using 0.9% (wt/vol) saline solution and then again using deionized distilled H 2 O. The fi nal pellet, containing bacteria, was transferred to plastic cups using deionized distilled water, lyophilized at 10°C (Genesis, Virtis, Gardiner, NY), and ground using a mortar and pestle. A 500-mL portion of composited effl uent was lyophilized at 10°C (Genesis, Virtis) for each treatment and ground using a mortar and pestle.
For analysis, diets were ground using a Wiley mill (Arthur H. Thomas Company) to pass through a 1-mm screen. Samples of diet, effl uent, and fermenter contents were analyzed for DM by drying at 105°C for 24 h, OM by incineration at 500°C (AOAC 934.01), and total N by combustion analysis (LECO FP-428; LECO Corporation, St. Joseph, MI; AOAC 990.03). Samples of effl uent and fermenter pellets were analyzed for purine content, using the procedure of Zinn and Owens (1986) , to determine microbial N, which was used with OM digested to determine MOEFF (grams of microbial N per kilogram OM truly digested). Actual RDPep was determined by difference of dietary nonammonia N and effl uent dietary nonammonia N. Sample ammonia concentration (mM) was determined colorimetrically (DU-65 spectrophotometer; Beckman, Palo Alto, CA), with the hypochlorite-phenol procedure of Broderick and Kang (1980) . Sample VFA and lactate concentration (mM) was determined using gas chromatography (Model 3400, Varian, Palo Alto, CA), following procedures outlined by Salanitro and Muirhead (1975) .
Steer Growth Experiment
Forty-nine fall-weaned, yearling, crossbred, Angus steers were used. Steers were placed in 1 of 12 concrete pens and offered ad libitum access to water and a 55% whole corn, 35% receiving, and 10% hay diet for 10 d before the feeding period to allow for acclimation to a concentrate diet. At start of experiment, BW was taken on 2 consecutive days to determine initial BW (IBW). Body weights were ordered from smallest to largest and treatments A to D were randomly assigned to every set of 4 cattle, producing similar average IBW across treatments. The same procedure was repeated within treatment, assigning pen numbers 1 to 3 to produce similar average IBW across pens (370 ± 34 kg), resulting in 4 treatments with 3 pens per treatment with 4 animals per pen, with the exception of 1 pen with 5 animals in treatment C. Diet formulation was as described previously in the RDP continuous culture section. Dietary treatments A, B, C, and D (Table 2) consisted of increasing levels of predicted RDPep balance (-0.65%, -0.25%, -0.02%, 0.55% CP) with similar RDN balance (-0.7% CP balance). Steers were fed a corn-based, no-roughage diet during the experimental period. These diets did not contain ionophores as their addition would have altered the N metabolism in the rumen. All feed ingredients, except corn, were mixed and bagged loose, and mixed with the whole corn as a supplement to be fed once daily at ~0900 h. Pen intake was recorded daily and animal BW were taken on d 21 and 42 to determine production traits for the feeding period, followed by 2-d consecutive BW taken on d 70 and 71 to determine fi nal BW (FBW).
Crude protein, dietary ME requirements, metabolizable AA (MetAA) requirements, duodenal bacterial MetAA, and dietary MetAA were calculated using NRC (2000) values as modifi ed by Mueller (2004) . Estimated bacterial MetAA fl ow was calculated by multiplying the microbial N fl ow by the AA composition of microbial protein, previously determined by our laboratory, adjusted for the non-AA N fraction of the microbial fl ow. Dietary MetAA was calculated similarly, using estimated fl ow and feedstuff AA composition (NRC, 2000) .
Statistical Analysis
All statistical analyses were performed using SAS (SAS Inst. Inc., Cary, NC). Ammonia data were analyzed using the MIXED procedure with repeated measures as outlined by Littell et al. (1998) . Statistical signifi cance was determined using P ≤ 0.05 probability level and LSD lines were calculated to graphically represent differences.
The remaining in vitro continuous culture fermentation characteristics were evaluated by ANOVA using Proc GLM. The data were analyzed as a completely randomized design, using 6 treatments with fermenter as the experimental unit. CONTRAST statements were used to evaluate differences of the least-squared means among treatments in adequate and inadequate RDN in all treatments, and when RDPep is adequate or inadequate. Further contrasts were applied to evaluate the linear and quadratic relationships of RDPep when RDN is adequate.
Growth data from the in vivo experiment were analyzed as a completely randomized design, with pen as experimental unit, by ANOVA using Proc GLM. CONTRAST statements were used to evaluate linear and quadratic relationships of the least-squared means among treatments.
RESULTS

Fermentation Characteristics
The programmed SDR for this experiment, 4% h -1 , was similar to the actual SDR measured in the continuous culture experiment (Table 3) . Although diet 1 SDR was slower than diet 3 (P < 0.01), the difference ranged by only 0.18%/h and was not considered to be physiologically signifi cant. When RDN was inadequate in the diet (diet 1 vs. 2), increasing RDPep alone increased (P < 0.01) MOEFF, bacterial N fl ow, and OM digestibility. Also, percent rumen undegradable nitrogen (RUN), expressed as a percent of dietary CP, decreased (P < 0.01), and measured RDPep increased (P < 0.01). When RDPep was negative (diets 1 and 3), MOEFF, bacterial N production (g/d), and OM digestibility all improved when RDN was increased in the diet (P < 0.01). Also, percent RUN decreased (P < 0.01), but measured RDPep increased (P = 0.02). Furthermore, pH both before feeding (-1 h) and after feeding (4 h) was less (P < 0.01) when RDPep was negative and RDN balance was positive. When RDPep balance was similar and positive (diet 2 vs. 5), MOEFF, bacterial N production, and OM digestibility all improved when RDN was increased in the diet (P < 0.01). Percent RUN decreased (P < 0.01), whereas measured RDPep remained unchanged (P = 0.23). The pH before feeding was similar between diets 2 and 5 (P = 0.22); and at peak fermentation (4 h postfeeding), pH was lower (P = 0.02) with increased RDN (diet 5). When RDN was positive (diets 3 to 6), bacterial N production tended to decrease linearly (P = 0.08) with increasing RDPep. Measured RDPep increased linearly as calculated RDPep increased in the diet. As RDPep increased, fermenter pH before and after feeding increased linearly (P < 0.01). Ammonia concentrations (Figure 1 ) were similar for diets 1 and 2, and did not change over time (P > 0.05). Diets 1 and 2 were similar in concentration to all other diets at -1 and 5 h from feeding, and similar to diets 5 and 6 at 3 and 4 h after feeding. Concentrations for diets 3, 4, 5, and 6 quickly rose at feeding, and decreased rapidly for the fi rst 2 h after feeding, at which point the decrease in ammonia concentration began to slow. Diet 3 was similar to diet 4 throughout the study, was greater than diet 5 at 0 and 4 h after feeding, and was greater than diet 6 at 0, 1, and 4 h after feeding. Diet 4 was greater than diet 5 at feeding (0 h) and diet 6 between 0 and 3 h after feeding. Diet 5 was greater than diet 6 between 0 and 1 h after feeding.
Short-chain Fatty Acids.
When RDN balance was negative (diet 1 vs. 2), increased RDPep balance in the diet displayed decreased (P < 0.01) lactate (mM) values before feeding but only tended to show decreased lactate concentrations after feeding (P = 0.08). When RDPep balance was negative (diets 1 and 3), increased RDN in the diet increased total VFA production (Table 4) both before (P < 0.01) and af- ter (P = 0.02) feeding. Lactate production was drastically decreased with RDN addition to the diet both before and after feeding (P < 0.01). Similarly, when RDPep balance was positive (diets 2 and 5) and RDN was increased, VFA production was increased before (P < 0.01) and after (P = 0.04) feeding, and lactate production was decreased (P < 0.01). When RDN was positive (diets 3 to 6), increasing RDPep tended to increase (P = 0.10) VFA production after feeding. The acetate to propionate (A:P) ratio was less before feeding (P < 0.01) and tended to be less after feeding (P = 0.07) when RDN balance was negative (diet 1 vs. 2) and RDPep balance was increased from negative to positive in the diet. The A:P ratio decreased when RDN balance went from positive to negative when RDPep balance was negative (diet 1 vs. 3; P < 0.01) and increased when RDPep balance was positive (diet 2 vs. 5; P < 0.01). When RDN was positive in the diet (diets 3 to 6), the A:P ratio tended to decrease linearly (P = 0.10) as RDPep balance increased before feeding and decreased linearly (P = 0.02) at 4 h postfeeding. When RDN balance was negative (diet 1 vs. 2), molar proportions of acetate were less before (P < 0.01) and after (P = 0.02) feeding when RDPep balance was negative vs. positive. Acetate concentrations were greater when RDN balance was negative when RDPep balance was negative (P < 0.01) or positive (P < 0.01), before and after feeding. With adequate RDN, molar acetate proportions decreased linearly (P < 0.01) with increasing RDPep before and after feeding. Conversely, molar proportions of propionate were greater before (P < 0.01) and after (P ≤ 0.02) feeding when RDN balance was increased from negative to positive, when compared with diets with similar positive (diet 1 vs. 3) or negative (diet 2 vs. 5) RDPep balance. Also, propionate proportion produced 4-h postfeeding diets with adequate RDN balance (diets 3 to 6), increased linearly (P < 0.01) as RDPep balance increased. Isobutyrate levels were nearly undetectable in almost all treatments, both before and after feeding. Before and after feeding, negative RDPep balance diets had greater butyrate concentrations when RDN balance was positive (diet 1 vs. 3; P ≤ 0.03), but increasing RDN balance from negative to positive in RDPep positive diets (diet 2 vs. 5) increased butyrate concentration only after feeding (P = 0.05) and not before (P = 0.12). Molar proportion of butyrate increased linearly before (P < 0.01) and after (P = 0.03) feeding, and tended to increase quadratically (P = 0.07) after feeding in positive RDN balance diets (diets 3 to 6) as RDPep increased. Before feeding, isovalerate concentrations increased (P = 0.03) with increasing RDN when RDPep was similarly positive (diet 2 vs. 5); and when RDN balance was positive, isovalerate concentration increased linearly (P < 0.01), before and after feeding, with increasing RDPep balance. Valerate proportions increased both before and after feeding, when RDN balance went from negative to positive, when comparing diets with similar negative RDPep balance (diet 1 vs. 3; P < 0.01) and similar positive RDPep balance (diet 2 vs. 5; P = 0.01). However, when RDN balance was positive (diets 3 to 6), valerate proportion decreased linearly with increasing RDPep both before (P = 0.02) and after (P < 0.01) feeding.
Growth Variables
For the growth trial, IBW (Table 5) did not differ among treatments (P ≥ 0.25). Dry matter intake only tended (P = 0.09) to increase linearly as RDPep increased. Final BW increased linearly with increasing RDPep (P = 0.05). Average daily gain (0 to 70 d) responded quadratically to increasing RDPep with increased ADG in treatments A and D. Effi ciency (G:F) showed a quadratic effect similar to ADG (P < 0.01). Metabolizable energy consumed daily increased with increasing RDPep balance (P = 0.05), but ME consumed per kilogram ADG responded quadratically (P = 0.02) as RDPep increased with more ME consumed in diets B and C. Proportion of MetAA estimated to be supplied to the lower tract by bacteria increased quadratically with increasing RDPep (P < 0.01), whereas proportion provided by the diet decreased quadratically (P < 0.01).
DISCUSSION
Rumen Degradable Peptide and Rumen Degradable Nitrogen Balance
Balanced RDPep and RDN require estimation of both rumen availability of nutrients and microbial requirements. Requirement for RDP in NRC (2001) is based on a fi xed effi ciency of N use (85% of RDP), which leads to the calculation of 1.18 × RDP × microbial N = amount of RDN required. However, these calculations are based on a MOEFF of 28 g microbial N/kg of OM truly fermented for all bacteria. Bach et al. (2005) proposed a similar calculation, only adjusting the formula for RDP requirement, but determined effi ciency of microbial N use as 69% and MOEFF of 29 g microbial N/kg of OM truly fermented. These data would change the formula to 1.31 × RDP × microbial N. Any deviation of this would cause their model to deviate from matching supply with requirement. Meng et al. (1999) looked at the effect of D on MOEFF and determined MOEFF could be calculated for different types of diets as a function of D. In this research, an approximated D was used to derive a calculated, rather than static MOEFF, to determine microbial requirements for RDPep and RDN by NSC, SC, and protein-fermenting bacteria.
Microbial Fermentation, Growth, and Effi ciency
Feeding diets with no roughage (Pugh, 2007) to cannulated animals did not affect SDR when RDP increased. In our study, a difference in SDR among diets was likely not physiologically signifi cant. Satter and Slyter (1974) and Slyter et al. (1979) rec- ommended that ~1.4 to 3.6 mM NH 3 -N was needed to achieve maximal microbial growth in the rumen. Previous work has confi rmed the extent of protein degradation to achieve maximal microbial growth is dependent on the availability of NH 3 -N, especially in the presence of NSC and hemicellulose-fermenting bacteria, which preferentially scavenge peptides and AA before they can be deaminated to NH 3 for use by SC fermenters (Griswold et al., 2003) . In our continuous culture experiment studying the effects of RDPep and RDN on ruminal fermentation, urea was only available through the diet as opposed to in vivo where urea can re-enter the rumen as NH 3 through saliva and the rumen wall. This caused a rapid increase in NH 3 concentration after feeding, which decreased over 5 h after feeding to levels similar to prefeeding, which is consistent with other work done dosing soluble-N sources (Henning et al., 1993) . The increases in NH 3 among diets agree with data obtained by Arroquy et al. (2004) , who measured linear increases in NH 3 concentration with increasing urea N addition to RDP. In our study, the balance of RDPep and RDN in diets 3 and 4 was able to maintain NH 3 -N concentrations within the recommended concentrations reported to maximize growth and effi ciency. Griswold et al. (2003) showed separate effects of urea and RDP addition on OM digestibility, microbial N fl ow, and MOEFF. In the current study, a lack of RDN in the diet caused a decrease in bacterial N production, MOEFF, and peptide degradation. Microbial effi ciency, bacterial N production, and OM digestibility increased when peptide-N alone was added to the diet, even with inadequate RDN. These fermentation parameters were further improved by increasing RDN, using urea inclusion in diets, regardless of RDPep balance. Once RDN balance was adequate in the diet, further increasing RDPep balance did not see greater improvement in most fermentation parameters. The greater A:P ratio, increased molar proportion of propionate and butyrate, decreased acetate concentration, tendency for increased bacterial N yield and total VFA production, and numeric improvement in MOEFF suggest that RDPep balance may be optimized at ~0.78% DM (diet 5).The tendency for decreased bacterial N production, along with the numeric decrease in OM digestibility, led to a decrease in MOEFF and no improvement in total VFA production when RDPep balance was >0.78% DM. Although the reason for this is not known, this may be due to a lack of NH 3 -N, which, as stated earlier, would cause competition for use of protein-N by NSC-and SC-fermenting bacteria.
A concern with feeding no-roughage diets is the risk of acidotic conditions (pH < 5.4). When Pugh (2007) fed no-roughage diets with increasing levels of RDP to cannulated beef steers, no differences were seen in ruminal pH (5.61 to 5.74). The no-roughage diets used in this fermentation displayed similar postfeeding pH, with a smaller RDPep and greater RDN. When urea is hydrolyzed by urease, resulting ammonia has the ability to act as a buffer for ruminal acids. This appears not to be suffi cient to counteract pH levels produced by feeding diets 3, 4, and 5, after 4 h postfeeding. This is similar to results found by Cameron et al. (1991) , who fed starch plus urea and produced lower pH values than feeding starch or urea separately. Decreasing pH with increasing ammonia supplementation was seen by Zinn et al. (2003) ; however, they were unable to explain the exact reason for this effect.
Fermenter pH increased with increasing proportion of RDPep when feeding isonitrogenous diets. Although diets 5 and 6 had greater total VFA production, which is a major effector of ruminal pH (Stone, 2004) , these diets maintained pH levels more conducive to a healthy fermentation. Although diets 1 and 2 produced greater concentrations of lactate, decreased total VFA production likely prevented signifi cant pH changes.
Total VFA production was stimulated by addition of N as urea (Table 4 ). The imbalance of available RDN (diets 1 and 2) led to a decrease in overall fermentative activity and energy spilling in the form of lactate production. The increasing peptide levels likely allowed for an increase in NSC bacteria growth, leading to greater degradation of available starch in diets, which produced greater proportions of propionate. Increasing RDPep also produced greater butyrate and isovalerate via fermentative actions of proteolytic bacteria. Zinn et al. (2003) found similar results, with butyrate increasing with decreasing levels of urea in the diet. Decreasing RDPep and increasing urea in the diets led to increases in valerate production. When Chalupa et al. (1970) fed purifi ed diets to sheep with either isolated soy protein or urea as the N source, no differences were found in acetate, propionate, butyrate, or valerate production. Arroquy et al. (2004) displayed a quadratic response for acetate production and a linear response in isovalerate production with increasing supplemental RDP from urea, but no differences were found in propionate, butyrate, or valerate production.
In Vivo Growth Parameters
Diets in this experiment were kept isonitrogenous ( Table 2 ). The formulated limiting amount of RDN was based on preliminary growth data recorded by our laboratory, which showed no further improvement in growth when RDN was increased beyond a balance of -0.69% CP (Yi et al., University of Missouri−Columbia, unpublished data). Although the exact reason for this response has yet to be confi rmed, it may be partially due to N recycling to the rumen making up the difference in re-quired and diet-supplied NH 3 -N (Kiran and Mutsvangwa, 2007; Wickersham et al., 2008a,b) . Zinn et al. (2003) saw a linear effect of ADG when feeding increasing levels of urea, but diets fed were not isonitrogenous and only supplemented additional urea to the control diet. Furthermore, they found no difference in G:F of these different diets (0.20 G:F), but amounts of urea were much less than amounts fed in our study. Similar to our study, Pugh (2007) fed steers increasing RDP levels and found a quadratic response to ADG (Table 5). The quadratic effect on ADG resulted in a linear effect and quadratic trend for FBW. Dry matter intake tended to decrease with decreasing RDPep, leading to a decrease in ME intake. This decreasing intake, along with increased ADG, resulted in a quadratic effect for decreased ME required for BW gain and G:F as RDPep increased. Calculations of AA supply/requirement led us to conclude that increasing RDPep increased bacterial N fl ow postruminally (Table 5) , allowing ADG to be increased with similar levels of energy consumption. This theory is supported by the in vitro study that showed increased bacterial N production when RDPep was increased in RDN-inadequate diets and it agreed with the trend of increasing bacterial N fl ow measured with increasing RDPep. Although not statistically signifi cant, a similar numerical increase of microbial N fl ow to the abomasum with increasing RDPep and decreasing urea in the diet was measured by Chizzotti et al. (2008) . Greater bacteria production in the rumen would also lead to increased digestibility of OM and an increase in fermentation, thus increasing energy availability to the animal through increased VFA production as suggested by the in vitro experiment.
These data concur with other research, which concluded that diets need to be formulated for both RDPep and NH 3 -N to maximize growth and effi ciency (Cecava et al., 1991; Fu et al., 2001) . To properly do this, rate of degradation and passage need to be known to achieve a balance in rumen availability of both energy and protein (Hoover and Stokes, 1991; Henning et al., 1993) . The growth study demonstrates our calculations of predicted RDN and peptide requirements and supply are in agreement with improved fermentation characteristics and growth production measurements.
Diets can be formulated to balance fermentable carbohydrate, RDPep, and RDN that maximize microbial yield and effi ciency. Properly balanced diets prevent energy spilling, manifested as excess lactate production and decreased ruminal pH, as measured in an in vitro system. When these same calculations are applied to diets formulated for feedlot steers, this allows for feeding no-roughage diets, without the risk of deleterious effects normally seen with diets high in NSC and that maximize G:F and ADG. Balanced RDPep and N diets decreased lactate production and increased OM digestibility and MOEFF in continuous culture and increased ADG and G:F in steers.
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